Based on a unique combination of angle-resolved transmission spectroscopy and transmission data at high pressure, we identify the primary photoexcitations and the relevant excited-state interaction energies in a sexithiophene crystal. Optical excitations include charge-transfer excitons and Davydov polaritons. By extrapolation, we predict that in sexithiophene at hydrostatic pressures above 180 kbar, intermolecular excitations are lower in energy than intramolecular ones. The results are representative for a wide class of -conjugated molecular semiconductors because ͑1͒ the pertinent interaction energies and lengths scales are nearly identical and ͑2͒ published data on different molecules are consistent with our interpretation. DOI: 10.1103/PhysRevB.66.113102 PACS number͑s͒: 78.40.Me, 78.55.Kz, 78.66.Qn Linear -conjugated molecules, such as oligothiophenes, oligophenylenes, and oligophenylene-vinylenes, are attracting increasing attention for their use in electronic and optoelectronic devices.
In the crystal, the lowest molecular excitation gives rise to as many intramolecular exciton bands as the number of nonequivalent molecules in the unit cell. The energy difference between the lowest and highest exciton transitions, the socalled Davydov splitting (E DS ), represents a fundamental energy scale, which provides an estimate of the intermolecular interaction strength in the excited state. Experimental optical spectra feature, however, complex patterns, which have precluded an unequivocal evaluation of E DS .
In crystals, excitons with small wave vector k couple to photons with the same quasimomentum to yield a new particle called polariton. 7 The latter describes the photonexciton dynamics when the interaction energy (E EPI ) with photons exceeds any line broadening ͑strong-coupling regime͒. The polariton concept is the extension of the weakcoupling limit case, in which photons and delocalized excitations of matter are treated as independent particles. In linear -conjugated molecules, the lowest -* transition exhibits a very large oscillator strength (ӷ1). Therefore, we expect that polaritons, rather than bare excitons, are the primary photoexcitations in the crystal. The ensuing optical response can differ substantially from the one predicted in the weak-coupling regime.
Besides intramolecular Frenkel excitons, crystals also support excitations for which the bound electron and hole reside on different molecules ͓charge-transfer excitons ͑CTE͔͒. The energy difference E B between these two kinds of excitations provides an estimate of the intermolecular interaction energy between electrons and holes. Positive ͑nega-tive͒ E B implies that stable exitations have an intramolecular ͑intermolecular͒ character. The identification of CTE's is, however, not simple, as their oscillator strength is very weak. Even though electro-optical modulation techniques have been also used to probe CTE's, a conclusive estimate of E B has not be given yet. 8, 9 E DS , E B and E EPI depend on basic quantities such as intermolecular coupling, screening, and oscillator strength. A comparative analysis suggests that these quantities are similar in oligothiophenes, oligophenylenes, and oligophenylenevinylenes. In this paper, we focus on the optical properties of sexithiophene single crystals. The picture we draw from the present experimental results provides the basis for understanding the photophysics of this new, emerging class of molecular materials.
We report on angle-resolved transmission spectra and transmission data at high hydrostatic pressure. The former experiments allow us to distinguish the mixed excitonphoton nature of the excited states; the latter data permit to discriminate between the intramolecular and the intermolecular excitations. We demonstrate that the combined use of these two techniques represent an all optical approach to determine both E DS and E B . Finally, experiments indicate that E B can become negative for pressure above 180 kbar.
Excitons and polaritons in uniaxial molecular crystals. In a molecular crystal, the exciton energy can be expressed as a lattice sum over the instantaneous Coulomb interactions between the excited and the unexcited molecules located at different crystal sites. This sum can be split into two parts, which describe the short-and the long-range contributions. The latter gives rise to the angular dependence of the exciton energy. In contrast to the short-range forces, the long-range contribution is fairly well approximated by dipole-dipole interaction, and can be evaluated analytically in the framework of the continuum optical model. 10, 11 For any angle ␤ between k and the transition dipole ed, the exciton frequency reads where p 2 ϭ4me 2 /m e c is the plasma frequency, c being the volume of the unit cell, and m the number of nonequivalent molecules; T is the short-range contribution to the exciton frequency, which coincides with the energy of transverse excitons (␤ϭ90°). The second term in Eq. ͑1͒ corresponds to the long-range contribution; it vanishes for transverse excitons (kЌd,⍀ϭ T ) and is maximum for longitudinal excitations (⍀ L ), (kʈd,⍀ϭ⍀ L ).
Equation ͑1͒ neglects propagation effects that are accounted for in the polariton picture. When the excitonphoton coupling is switched on, the two branches of the new quasiparticles show an anticrossing behavior with a gap ⌬⍀ϭ⍀ L Ϫ⍀, called stop band, with ប⌬⍀ being a measure of E EPI .
7 Figure 1͑a͒ shows the polariton dispersion for two angles between the molecular axis and the propagation vector of the light. ⌬⍀ decreases for ␤→0, since the electric field of the light becomes perpendicular to the transition dipole moment. At sufficiently large k, retardation effects are negligible and the instantaneous results, provided by Eq. ͑1͒, are recovered ͓see Fig. 1͑a͔͒ . Incoming light with frequency within ⌬⍀ cannot propagate inside the crystal and light is entirely reflected. Reflectivity smaller than unity is indeed observed, as damping processes permit a fraction of light to travel through the sample. 10 In simple transmission experiments, this leads to a weak transmission ͑high apparent absorbance͒ for light frequencies within ⌬⍀. Finally, it is worth stressing that the stop band is a specific retardation phenomenon. Conversely, the blueshift of the optical resonance as a function of ␤ is due to the instantaneous longrange dipolar coupling.
Sexithiophene: Lower Davydov component and vibrational excitons. The lower and upper Davydov components of sexithiophene can be selectively excited by light polarized along the b and c axes of the crystal ͓see inset, Fig. 1͑a͔͒ , respectively. According to symmetry properties, the oscillator strength of the lowest molecular transition is mostly transferred to the upper Davydov component. 12 The lower component has a very weak oscillator strength and can be detected only at low temperatures. Figure 2 shows the absorbance spectrum at Tϭ10 K; the transition energy to the lower Davydov exciton ប⍀ LDE is peaked at 2.276 Ϯ0.001 eV. Vibronic replica, which are polarized both along c and b, appear as narrow lines at energy lower than 2.6 eV. At room temperature ͓Fig. 1͑b͔͒, spectra notably simplify as all the fine structures broaden; for c polarization, the vibrational excitons collapse into a single peak centered at 2.4 eV.
Sexithiophene: Davydov polaritons and determination of E DS . Figure 1͑b͒ shows the absorbance between 2 and 3.5 eV as a function of the angle between the direction of the incoming beam and the normal to the sample surface. The incoming light has wave vector and electric field in the a-c plane in order to excite only the upper Davydov exciton. In these experiments, a very thin sample ͑thickness Ӷ1 m) has been used to prevent saturation effects. The main experimental findings are as follows.
͔ for different angle ␤ (23.5°, 90°) between the molecular axis and the propagation vector k. The crystal system of T6 is monoclinic and belongs to the space group P21/n with four nonequivalent molecules arranged in a herringbone fashion in the unit cell ͑inset 1͒. Sexithiophene molecules are inclined by 23.5°w
ith respect of the a axis of the unit cell. ͑b͒ c polarized absorption spectra of T6 single crystal as a function of the incident angle between the light beam and the normal to the sample surface (b-c plane͒. The investigated sample ͑thickness Ӷ1 m) was placed between two quartz plates. LDE stands for lower Davydov exciton and CTE for charge-transfer excitons. ͑a͒ The absorbance spectra do not show an excitonlike peak, eventually followed by a vibronic progression, but an intense and very broad band; similar results have been reported for thin polycrystalline films or aggregates in solution of several linear -conjugated molecules. 5, 6 For decreasing : ͑b͒ The lower energy onset of this structure redshifts. ͑c͒ The apparent bandwidth increases considerably. This result compares favorably with the angle-dependent bandwidth observed in parahexaphenyl films. 5 ͑d͒ The broad feature at 2.6 eV and its replica do not shift. The nature of these features, more evident in the 10-K spectra ͑Fig. 2͒, is frequently debated, and has been attributed to the transition towards the upper Davydov levels. 4 This explanation is ruled out, as the upper level should be the dominant feature in the a-c polarized spectra.
In order to show that the large width of the band observed in the c-polarized spectra is consistent with the polariton model, we need to evaluate the dipole length d. It can be estimated in two ways: from the absorption spectrum and from the radiative lifetime r of noninteracting sexithiophene molecules in solution. Various groups attempt to measure d following the first approach. Published data shows, however, large discrepancies. Conversely, the measured radiative lifetimes show a negligible scattering. We therefore estimate d from the fundamental law, which relates r and d for an atom or molecule in a medium with refraction index n:
͑2͒
where ͗ 3 ͘ is the spectral average of the cubic emission frequency. For sexithiophene in benzene solution r ϭ2.2 ns, ͗(ប) 3 ͘ϭ11.4 eV, 3 nϭ1.51, 6, 14 and thus dϭ2.7 Ϯ0.1 Å. Taking into account the different refraction index, we obtain the same result from the data reported for sexithiophene in dioxane solution. 6, 14 This value of d differs by only 8% from the theoretical result obtained through quantum-correlated calculations. 15 The longitudinal exciton frequency can be easily evaluated from the experimental data, ⍀ L ϭ3.45Ϯ0.03 eV ͓Fig. 1͑b͔͒. From Eqs. ͑1͒ and ͑2͒, we can now evaluate T ϭ2.66Ϯ0.04 eV, and thus ⌬⍀ ϭ0.79Ϯ0.07 eV. This value of ⌬⍀ compares favorably with the experimental data. Finally, we note that the pure transverse polariton (␤ϭ90°) can never be excited in our samples due to the crystal refraction index (nу1.61, ␤ р56°).
The experimental Davydov splitting between the lower Davydov component at 2.276 eV and the transverse polariton ប⍀ T ϭ2.65 eV, reads E DS ϭ0.38Ϯ0.04 eV; E DS depends only on the short-range forces.
Sexithiophene: Charge-transfer excitons and determination of E B . The transition frequency of the line at 2.6 eV ͑CTE͒ does not depend on ͓Fig. 1͑b͔͒; according to Eq. ͑1͒, this behavior is consistent with the weak oscillator strength of this resonance. We now address the effect of reducing the intermolecular distance on the energy of Davydov and charge-transfer excitons, respectively.
Shorter distances imply stronger intermolecular interactions. The splitting between lower and upper Davydov exciton should therefore increase. 16 The enhanced repulsion between these states should yield a redshift of the low component of the doublet and a blueshift of the high-energy component. This behavior is quite a general result, which has been also confirmed by quantum-correlated computations. 17 The reduced interchain distance, and thus the shorter electron-hole distance, shifts the CTE to lower energies. 18 Moreover, compression of the lattice should improve the stability of charge-transfer excitons with respect to Frenkel excitons. For very short intermolecular distances, we expect that the lowest exciton states should acquire a prominent charge-transfer character. Figure 3 presents the evolution of the unpolarized absorption spectra as a function of applied pressure at 10 K. 20, 12 The vibronic replica I of the lower Davydov excitons and the 2.6-eV peak are very well resolved up to the highest pressure. The pressure dependence of their energies is shown in the inset. The energy difference between the two absorption lines decreases significantly upon decreasing the pressure ͑320 meV͒ to 60 kbar ͑220 meV͒. This experimental behavior fully confirms the charge-transfer nature of the peak at 2.6 eV at room pressure. We set E B ϭ0.314Ϯ0.005 eV, by using the low-temperature data. Extrapolating the linear regression of peak I and CTE to even higher pressure, we predict that the splitting between the two peaks closes at ϳ180 kbar, above which intermolecular excitations should be the lowest stable excitations.
The excitation of CTE's at 2.6 eV is in excellent agreement with the following experimental and theoretical findings:
͑1͒ The features observed experimentally in electroabsorption spectra near 2.7 eV ͑Ref. 8͒ and attributed to CTE's in Ref. 9 .
͑2͒ Photoexcitation spectroscopy and photoconductivity action spectrum in single crystals. 19 The former shows a sharp decrease of the quantum efficiency for energies above 2.6 eV. Conversely, the latter considerably increases and is peaked at ⍀ L . These data clearly indicate that exciton ionization takes place for excitations above the charge-transfer states energies. ͑3͒ The sexithiophene photoluminescence is quenched for increasing pressure. The increased charge-transfer nature of the primary excitations in fact facilitates electron-hole separation.
12
͑4͒ Recent calculations set the position of the CTE in sexithiophene single crystal at 2.66 eV, and provide an estimate of the CTE absorption coefficient Ϸ10 3 cm Ϫ1 for light polarized along the b axis, 9 in excellent agreement with experiments.
In conclusion, we have investigated the lowest optical excitations in a sexithiophene single crystal. Transmission spectra feature three distinct kinds of excitations: low-energy intramolecular excitons, intermolecular states, and Davydov polaritons. The signature of the excitation of polaritons is a wide stop band. The signature of charge-transfer excitons is the large stabilization energy these states experience under the application of high pressure.
The transition frequencies of transverse polaritons and charge-transfer states allow us to determine the short-range intermolecular energy E DS ϭ0.38Ϯ0.04 eV, and the electron-hole interaction energy E B ϭ0.314Ϯ0.005 eV ͑see Table I͒ .
The conclusions drawn from the present experiments should be of quite general validity, as similar interaction strengths are expected for a wide class of linear-conjugated molecular semiconductors with high applicative interest. 
